Introduction
Influenza is one of the most significant infectious diseases in Germany and other industrialized nations with regards to total population mortality. Seasonal influenza epidemics regularly lead to an increase in populationbased mortality, in particular during winter months [1] . Typically, influenza viruses circulate in the northern hemisphere from November to April and in the southern hemisphere from May to September [2] . However, low temperatures do not initiate the infection per se [3] , but likely aid virus transmission. In particular, cold and dry weather conditions, which dominate during winter, can promote the aerosol spread of the virus [4] .
A total of up to one million persons worldwide die from influenza every year. In Germany, based on estimates by the Robert Koch-Institute (RKI), there are about 10,000 influenza-associated deaths on average per year [1, [5] [6] [7] . This mean value is an estimate of the number of excess deaths based on model assumptions and existing data leading to influenza-associated mortality [1, 8] . During the last 20 years, these estimates varied substantially from less than 100 to over 31,000 influenza-associated deaths per year.
Previous epidemiological studies mainly focused on the estimation of influenza-associated mortality from historical trends and typical seasonal variations in total mortality. In these studies, the number of excess deaths was specified by calculating the difference between observed and expected mortality in the absence of epidemic [1] . However, there is a lack of information about the relationship between this excess mortality and single causes of death in Germany. Studies on this topic have mainly been conducted in the US and Asia [9] [10] [11] , where different health care and coding systems are prevalent. In Germany, the coding system specifies un-derlying diseases in death certificates. The basic coding rule is that if there is more than one condition registered on the death certificate, the one that has caused all the other conditions is taken. This might lead to an underestimation of influenza-associated mortality.
In this article we analyze official death statistics as well as data on seasonal waves of influenza and investigate their course in connection with environmental temperature data. We focused our study on the state of Baden-Wuerttemberg, one of the most populated states of Germany. The objective of our investigation was to study the time series of monthly overall and cause-specific mortality rates, of the notified number of influenza cases per month and to compare these with the environmental temperature. We also sought to determine whether influenza infection was particularly dangerous in relation to certain underlying diseases, and if influenza might be an underestimated cause of death. Being aware of such phenomena may help to target prevention strategies to the most vulnerable groups.
Materials and methods

Influenza reporting data
As a consequence of the enactment of a new regulation of the German Infection Protective Law (Infektionsschutzgesetz, IfSG), reporting direct verification of the influenza virus became mandatory at the beginning of 2001. The case notifications of physicians and laboratories in Baden-Wuerttemberg are transferred to the local health authorities (Gesundheitsämter) and then anonymized and sent to the Baden-Wuerttemberg State Health Office, where they are collected and transmitted to the RKI in Berlin on a weekly basis.
All 
Practice-index for acute respiratory diseases
The German Influenza Working Group (www.influenza. rki.de) set up a sentinel system monitoring acute respiratory diseases (ARD) including pharyngitis, bronchitis, and pneumonia. Nearly 1,000 primary care physicians contribute to this system by reporting the number of patient contacts caused by ARD every week, inability to work, hospital admissions and deaths attributable to ARD as well as the total number of patient contacts. The practice-index is the mean relative difference over all practices between observed ARD-related patient contacts and the estimated expected level for each practice. Practice index values of ≤115 are defined as normal (no ARD activity). Practice index values from 116-135 are considered marginally increased, 136-155 as moderately increased, 156-180 as considerably increased, and >180 as highly increased.
Death statistics
Death statistics calculate death rates and are the basis for the analysis of cause-specific mortality. First, the corresponding medical examiner registers the cause of death in plain text in a death certificate. Local health authorities then forward the death certificates to the State Statistical Office (Statistisches Landesamt) where the causes of death are evaluated in accordance with WHO rules, traced back to the underlying disease and coded with ICD-10 (International Classification of Diseases, 10th Revision) by special skilled personnel [12] . These rules often result in coding the underlying disease as the cause of death, even if it did not necessarily lead to death [1] . For this study, monthly death rates from 2001 to 2006 for Baden-Wuerttemberg were provided by the State Statistical Office and were also standardized for 30 days per month.
Environmental temperature
As there may be a relationship between influenza and the environmental temperature we used data from the German Weather Service (Deutscher Wetterdienst, DWD) to compare the time series of influenza cases, mortality rates and environmental temperature. The DWD provided mean values of the environmental temperature for each month from 2001 to 2006 derived from several measurement stations all over Baden-Wuerttemberg.
Statistical methods
Associations between influenza cases, mortality rates and environmental temperature were analyzed by monthly intervals. We visualized the associations between the series of influenza case notifications, mortality and temperature data and calculated correlation coefficients. In accordance with the goal of this study, analyses included associations for total mortality as well as for cause-specific mortality, e.g. respiratory diseases (ICD-10 code: J00-J99), and diseases of the circulatory system (I00-I99). Additionally, we investigated the differences in the mortality between seasons of low and high influenza activity. All data analyses were conducted with SAS (version 9.1; SAS Institute Inc., Cary). Table 1 There was a good correlation between reported cases of influenza and the practice-index which is a surrogate marker for the magnitude of an influenza wave (r=0.71; p<0.05; Figure 1 ). However, data about this index is only available from October to the middle of April. Time series analysis further showed an inverse relationship between influenza cases and environmental temperature (r=-0.34; p<0.05): An influenza wave was obviously preceded by a drop in outdoor temperature (Figure 2) . Table 1 
Results
Influenza and mortality in Baden-Wuerttemberg
Association between influenza and causespecific mortality
Correlation between reported cases of influenza and total mortality was 0.59 (p<0.05). Both series show a relatively close coincidence of peaks (except for the relative summer mortality maximum in 2003). There was also a good association between influenza notifications and the mortality from respiratory diseases (ICD-10: J00-J99; r=0.74; p<0.05). A detailed view illustrates similar seasonal patterns for single respiratory causes of death like pneumonia (r=0.58), bronchitis (r=0.67), and -as expected -influenza (r=0.72; all p<0.05; Figure 4 ).
Analyses also showed temporal concordance between influenza cases and mortality from diseases of the circulatory system (ICD-10: I00-I99; r=0.57; p<0.05). There were coinciding peaks for acute myocardial infarction (r=0.49), cerebrovascular diseases (r=0.29) and other forms of heart disease (r=0.57; all p<0.05; Figure 5) . No other cause-specific mortality rates showed a clear association with influenza notifications (data not shown). ) were compared to the remaining seasons with low influenza activity in this study. We found positive differences in total mortality between seasons with high vs. low influenza activity, as well as for deaths caused by diseases of the respiratory and the circulatory system ( Table 2 ). The mean difference of deaths during the influenza seasons with high vs. low activity was 37.4 per 100,000, which corresponds to approximately 2,008 deaths in six months in the population of Baden-Wuerttemberg (Table 2 ).
Mortality rates during seasons with low and high influenza activity
Discussion
Principal findings and possible explanations
The present study shows a temporal relationship between influenza and total, as well as cause-specific, mortality in Baden-Wuerttemberg. In particular, mortality due to diseases of the respiratory and circulatory system showed peaks which coincided with those of influenza. The increases in reported cases of influenza were preceded by a drop in the environmental temperature. There are several reasons which might explain our findings. First, the observed temporal associations between reported cases of influenza and mortality from diseases of the respiratory and circulatory system might be due to general physical impairment of persons with prior chronic diseases at the point of infection with influenza. Second, the association between reported cases of influenza and mortality from respiratory diseases, particularly from pneumonia, could be attributed to particularly severe courses of influenza and/or an influenza-induced super infection [16] . Third, the temporal relationship between waves of influenza and mortality may also be related to the coding of causes of death; during a seasonal wave of influenza, coding may follow the common practice of considering severe underlying diseases as the cause of death, rather than influenza. So, influenzaassociated deaths may be potentially attributed to these diseases instead. Fourth, the observed associations might be due to a combined effect of low environmental temperatures and seasonal influenza waves; it is possible that low environmental temperatures can promote influenza [4] . On the other hand, it is also possible that low temperatures promote or trigger mortality as such. The combined impact of low temperature on both influenza and mortality could be a further possible explanation. More research should be considered on that issue. Nonetheless, these findings point to an underestimated role of influenza for mortality in Germany.
Comparison with previous studies
The observed association between waves of influenza and total and cause-specific mortality respectively are in accordance with previous studies. Reichert and colleagues [9] , for example, found similar patterns of correlation and coinciding monthly peaks in the US for cardiovascular diseases, diabetes, pneumonia and influenza. They concluded that the cause of winter-season excess mortality is most likely to be due to influenza. A previous study from Japan also pointed out that a considerable proportion of excess mortality can be attributed to patients with pneumonia, heart disease and cerebrovascular diseases [10] . In contrast, another study showed an influenza-related excess mortality of less than 10% of the total number of winter deaths in the US elderly population [17] . Previous studies also investigated the association between seasonal waves of influenza and morbidity. A study conducted in Hong Kong, for example, investigated influenza-associated hospitalization [11] . The authors showed that -even in a subtropical region without clear seasonal patterns of influenza activity -influenza was strongly associated with cardiorespiratory hospitalization in all age groups. Influenza-or pneumonia-induced morbidity especially in higher ages was also found in a Canadian study [18] .
In general, most of these studies point to a notable role of influenza in the morbidity and mortality of populations. However, as with the present study, previous studies mainly had an ecological design which does not allow accounting for individual risk factors which may limit their significance.
Limitations and strengths
This study contributes to increasing the understanding of influenza-associated mortality in Germany. It is one of the few studies on the association between seasonal waves of influenza and cause-specific mortality rates and we evaluated diverse sources of data on influenza notifications, mortality and the environmental temperature.
Our study suggests an interesting relationship between seasonal waves of influenza and mortality. However, with regard to the interpretation of results it should be taken into account that the present study has an ecological design, i.e. we did not intent to draw causal relationships from this study [19] . The time series do not allow us to distinguish between excess-mortality attributable to influenza and excess-mortality attributable to other factors like low temperature and behavior associated with low temperature (e.g., spending less time outside, higher risk of infections with several pathogens, etc.). Furthermore, due to inadequate data, we were not able to adjust for potential confounders like age, gender or socioeconomic status, which might also be related to mortality.
There was a good correlation between reported cases of influenza and the practice-index. However, data for this surrogate marker for the magnitude of an influenza wave was not available outside of the winter months. Furthermore, the practice-index is susceptible to seasonal variations like vacation periods, where the number of patient contacts may go down. There are also some peaks in our time series which may not completely match with the assumption of coinciding peaks between cases of influenza and mortality rates. Despite these limitations, the results of this study may be useful in justifying continued efforts to generate and test hypotheses that explain the role of influenza for mortality in Germany and other industrialized countries. Further studies are needed to assess a potential prior infection with influenza in all cases of death in a definite place during a definite period of time taking confounder variables into account. This would enable clearer assumptions about the relationship between influenza and mortality.
Conclusion and implications
Influenza seems to be an underestimated cause of death. In order to prevent severe influenza infections leading to deaths, vaccination is one of the most effective measures, particularly in persons with underlying chronic diseases. Based on official data, 24% of the total population in Germany was vaccinated against influenza in 2003 [20] . A recently published report by the German Statutory Health Insurance showed that vaccination rates varied between 11% and 35% across the German states in 2007 with lowest estimates for BadenWuerttemberg. In persons older than 60 years and/or having chronic diseases, the proportion of vaccinated persons varied between 40% and 60% [21] . This means that there is still need for education of the total population -particularly in Baden-Wuerttemberg and other states with low vaccination rates -and especially of risk groups. Motivation for vaccination could be encouraged by targeted information about the additional risks caused by influenza.
Besides the risk of infection, older persons are more seriously affected by cardiovascular diseases, the most frequent cause of death in Germany and other industrialized nations [22] . In the future, the prevention and treatment of cardiovascular diseases will gain importance due to an increasing number of older persons. An interesting opportunity for supplementing existing prevention and treatment strategies is the integration of a vaccination against influenza. A previous clinical study showed the positive course of the disease and reduced incidence of coronary events in patients with coronary heart disease after receiving influenza vaccination [23] . An earlier study, however, could not find an association between influenza vaccination and reduced risk for coronary events [24] . This could point to a possible fraction of cardiovascular events attributable to low temperature or decrease to very low temperature [25, 26] . Further epidemiological studies, in particular with a prospective design, will help to better evaluate the effects of influenza, influenza vaccination and temperature on the course of cardiovascular diseases.
